I. INTRODUCTION
Group-IV clathrates are open-structured Si, Ge, and Sn cagelike compounds, which have received considerable attention over the past few years.
1,2 In these clathrates with nanoscale cages forming 3D ͑three-dimensional͒ networks, alkali and alkaline-earth guest atoms are encapsulated in the cages of the host framework which is formed by tetrahedrally bonded group-IV atoms comprised of two or three different polyhedra. 3 An exciting property of clathrate compounds is that they provide an opportunity to systematically alter material-properties by changing the guest atoms or by replacing some of the framework atoms with metallic species. In these clathrates, the electron-phonon and electronelectron couplings between the guest and the host are key points to understand their characteristic properties such as superconductivity, [4] [5] [6] [7] [8] [9] wide band-gap, 10, 11 high thermoelectric power ͓due to the behavior of phonon-glass and electroncrystal ͑PGEC͔͒, 12, 13 and pressure stability. 3, 14 These couplings can be explored in part by the study of high-pressure Raman scattering through their vibrational properties of both a͒ Author to whom correspondence should be addressed. Electronic mail: shimizu@gifu-u.ac.jp guest atoms inside the cages and the host framework, [15] [16] [17] [18] and by the x-ray diffraction ͑XRD͒ experiment through their structural properties of the host framework and the position of guest atoms in the cages under high pressures. 3, 19, 20 Ba 8 Ge 43 is characterized as a defect clathrate of type-I structure with three missing Ge atoms in the covalent Ge framework, where the vacancies ͑ᮀ͒ of Ba 8 Ge 43 ᮀ 3 ͑space group Ia3d, a = 21.3 Å͒ show a full ordering. This ordered crystal structure can be considered as a derivative of an "ideal" Ba 8 Ge 46 clathrate type-I structure ͑Pm3n, aЈ = a /2͒ in which three Ge vacancies ͑per formula unit͒ are allowed to order in a cubic superstructure with a doubled unit cell parameter ͑ᮀ at the 24c site of space group Ia3d, which corresponds to half the 6c sites in the usual parent type-I clathrate͒. In the resulting Ge framework, each vacancy is surrounded by four three-bonded Ge species and arranged around 4 1 fourfold screw axes to form chiral helices along the Ͻ100Ͼ direction as shown in Fig. 1 . [21] [22] [23] The interesting properties of type-I silicon clathrates are three pressure-induced phase transitions, 3 which were studied by Raman scattering [15] [16] [17] [18] and XRD experiments, 3, 19, 20 and theoretical calculations. 19, 24 The first transition at 6 to 7 GPa is caused by the displacement of the guest atoms in the large Si 24 cages. The second transition observed at the pressure range of GPa is characterized by a large reduction of cell volume. The mechanism of the isostructural phase transition is not still understood and remains unclear. 3, 19, 20 The last transition at a pressure range above 32 GPa is an irreversible amorphization. 3, [18] [19] [20] In this paper, we present the high-pressure Raman and XRD experiments of Ba 8 Ge 43 ᮀ 3 in order to study characteristic properties of the defect germanium clathrate at room temperature up to 40 GPa, and to investigate the mechanism of isostructural phase transition observed in type-I silicon clathrates. 
II. EXPERIMENTAL
Ba 8 Ge 43 samples were prepared using an arc furnace; germanium ͑Katayama Chemical 99.999%͒, and barium ͑Katayama Chemical 99%͒ were mixed in an atomic ratio of 8:43, and arc-melted under argon atmosphere. 21 Highpressure experiments were carried out by using a diamond anvil cell ͑DAC͒ with a metal gasket.
The hole of the tungsten-metal gasket serving as the sample chamber was set to about 100 m in diameter and 50 m in thickness. A single-phase sample of 40 m in size was placed into the chamber of the DAC and loaded with a ruby chip for pressure measurements. For fine Raman measurements of Ba 8 Ge 43 which shows very weak Raman signals, we used the dense argon as the pressure-transmitting medium that is free from Raman signals. [15] [16] [17] [18] [25] [26] [27] Raman spectra were measured with a triple polychromator and a charge-coupled device ͑CCD͒ detector. The 532 nm line of a solid laser ͑Coherent Verdi2W͒ with its intensities of less than 10 mW was used for the excitation. The resolution of the Raman spectra was about 1 cm −1 . To make the powder XRD measurements, the synthesized Ba 8 Ge 43 was ground to fine powder, and the powder was pressed into a small pellet by the diamond anvils prior to the setting of the gasket. The small Ba 8 Ge 43 pellet and a ruby chip were then placed into the sample chamber and prepared in the same manner as that for Raman measurements. The pressure media used for the XRD experiments were dense argon and helium. Synchrotron powder XRD measurements were carried out with an imaging plate detector installed at the BL10XU beam line of the SPring-8. The wavelength of the incident x-ray used was 0.041 36 nm. Typical exposure times were 10 min.
III. RESULTS AND DISCUSSION
A. Raman scattering at ambient pressure and temperature Figure 2 shows a Raman spectrum of Ba 8 Ge 43 at ambient pressure and temperature, and those of germanium-and silicon-clathrates for comparison. The Raman frequency for Ba 8 Si 46 at the top of Fig. 2͑b͒ was scaled by the square root of an atomic mass ratio of Si to Ge, ͑M Si / M Ge ͒ 1/2 = ͑28.1/ 72.6͒ 1/2 = 1 / 1.61. The Ba 8 Ge 43 ambient spectrum is different from another clathrate, i.e., the structureless feature ͑weak Raman scattering intensity͒ in the framework vibration around 150− 300 cm −1 . On the contrary, the spectral shape of Ba 8 Ge 43 at the low-frequency below 150 cm −1 is found to be very similar to that of Ba 8 Si 46 below 200 cm −1 at ambient pressure. Three low-frequency peaks of Ba 8 Ge 43 ͑39, 46, and 68 cm −1 ͒ can be assigned to the vibrational modes originating from the motion of guest Ba atoms. 15, 18 Here, the space group Ia3d of Ba 8 Ge 43 predicts nine Ramanactive modes of Ba related vibrations; 2A 1g +3E g +4T 2g . However, we cannot unambiguously make the mode assignments because of relatively broad bands containing more than one Raman mode. Furthermore, Ba 8 Ge 43 specimen is not a single crystal, therefore, we cannot make the symmetry-specific polarization measurement at present. For Ba 8 Si 46 the low-frequency peaks at 49, 60, and 89 cm −1 had been assigned to the vibrations associated mainly with the guest Ba atoms inside the host Si cages. 15, 18, 24 The theoretical investigations 24 suggested that their Raman modes are possibly mixed with Si lattice vibrations. Therefore, the same situations will be expected for the Ba 8 Figs. 3 and 4͒, which was described in the previous section. The weak pressure dependence of the soft-mode frequency may be because the peak frequency is affected by the anti-crossing due to the mode-resonance between 80 cm −1 soft mode and 68 cm −1 vibrational peak. This softening is similar to the case of Si clathrates and d − Si, and is concerned with the softening of TA ͑X͒ mode observed for d − Ge. [30] [31] [32] Next, we investigate the pressure-induced phase transition. It is found that two new peaks grow up at about 8 GPa as indicated by solid circles in Fig. 3 . At the same time, a new band appeared at about 180 cm −1 as shown by open squares in Fig. 3 . These spectral changes suggest the occurrence of the phase transition. As seen in the next section, XRD experiments show no structural change around this pressure range. Therefore, by considering the defect of the Ba 8 Ge 43 ᮀ 3 clathrate where there are three-bonded Ge atoms, the appearance of the new peaks may be due to some localized and random strains, i.e., structural distortions. This effect cannot be detected by XRD. A similar Raman spectral change was observed at the same pressure range for Ba 24 Si 100 , 18 which also comprises of 32% three-bonded Si atoms. Moreover, another additional interpretation of the Raman spectral change can be made with a change in the electronic state. By the change in the guest-host interaction, the electronic distribution will be affected, leading to the evolution of the relative intensities in Raman signals. 3, 20, 24 At pressures around 30 GPa, Raman bands almost disappeared as seen in Fig. 3 . This can be understood as the onset of pressure-induced amorphization in Ba 8 Ge 43 . The amorphization occurs gradually and partially around 30-40 GPa and it is completed at about 40 GPa. This feature is strongly supported by the present XRD study described in the next section. This value of 30-40 GPa is comparable with the amorphization pressure of 40-49 GPa for Ba 8 Si 46 . 3, 20 C. X-ray diffraction at high pressures Figure 5 shows the observed diffraction patterns of Ba 8 Ge 43 in the 2 range from 4°to 18°at high pressures up to 41 GPa, where the data up to 17.6 GPa were taken for the first sample, and the data above 17.6 GPa for the second sample. These data were obtained with the argon pressure medium. The experiments using a helium pressure medium have been carried out for the third sample up to 16 GPa, but there is no significant difference in between the results in the cases of Ar and He pressure media. An inset in the figure is the enlargement of the lower diffraction angles at 1 bar. An arrow indicates the diffraction peak from Ge in the minority phase. This XRD pattern of Ba 8 Ge 43 at atmospheric pressure is very close to the recent result by Okamoto et al. 23 Weak peaks indicated by open circles in the inset are corresponding to the superlattice reflections, 23 which are due to the ordered arrangement of Ge vacancies, i.e., the doubled unit cell parameter of the usual type-I clathrate. Although these super- Fig.  6͑a͒ . 14, 20 Here, solid lines in Fig. 6͑a͒ represent the fitted curves by using the Murnaghan's equation of state ͑EOS͒. 33 It is surprising that the normalized lattice constants of Ba 8 Si 46 above 15 GPa, i.e., above the isostructural phase transition, show almost close values as those of Ba 8 Ge 43 . This remarkable behavior is investigated in the next section.
In Fig. 5 we can see that the XRD patterns of the sample gradually disappeared at pressures around 30-40 GPa and it was completed near 40 GPa as indicated by marking, and there remain only signals from the metal gasket, pressuretransmitting Ar ͑marked with *͒, 34 and high pressure ␤-Sn phase of the minority Ge ͑marked with ϩ͒. 35 The weak signals from the ␤-Sn phase of Ge are kept constant in intensity and independent of the disappearance of 20 discussed its physical origin by the change in electronic hybridization between Ba atoms and the Si small cages. However, it is not conclusive, because they only observed minor changes on the electronic structure during the phase transition, using XRD and x-ray absorption spectroscopy. 20 Here, we propose another possible mechanism for its phase transition from XRD and Raman results, and by the theoretical calculations of EOS for Ba 8 Si 46 and Ba 8 Si 43 .
In Fig. 6͑a͒ we confirmed that the pressure dependence of a / a 0 for Ba 8 Ge 43 shows almost the close value as that of Ba 8 Si 46 at pressures after the isostructural phase transition. This experimental result strongly indicates that Ba 8 Si 46 may transform to Ba 8 Si 43 ᮀ 3 , producing three Si vacancies at 15 GPa, even though the guest-host interactions are subtly different between Si-and Ge-clathrates. Therefore, we calculated the pressure dependence of the lattice constant ͑a͒, i.e., the EOS for Ba 8 Si 46 and Ba 8 Si 43 by using the first-principles electronic state code, CASTEP 4.2 based on the plane-wave basis set, 36 the Vanderbilt-type ultrasoft pseudopotentials 37 for electron-ion interaction, and GGA-PBE for exchangecorrelation interaction. 38 The cut-off energy was set to 160 eV and the Brillouin zones were sampled with 2 ϫ 2 ϫ 2 k-points. For Ba 8 Si 43 , the partially occupied Si ͑6c͒ sites with random configurations were further modeled by the ordered unit cell where six 6c sites are occupied by three Si atoms with maximum symmetry. As the result, the unit cell for Ba 8 Si 43 becomes trigonal with an R32 symmetry. After geometric optimization, however, it was found that the unit cell is close to the original Pm3n symmetry and may approximate random occupation very well. As seen in Fig.  6͑b͒ Fig. 2͑b͒ we can see the remarkable Raman spectral change of Ba 8 Si 46 above 15 GPa, i.e., structureless feature in the framework vibrational region. 15 This spectrum is similar to the structureless spectrum of the defect clathrate Ba 8 Ge 43 at 1 bar in Fig. 2͑a͒ .
The bulk modulus is an important property of Si-and Ge-clathrate. 3, 14, 20 We investigate the pressure dependence of the bulk modulus, B͑p͒ = B 0 + BЈ 0 p for Ba 8 
where a͑p 0 ͒ is a lattice constant at pressure p 0 . By using fitted parameters of B 0 and BЈ 0 , the bulk moduli B͑p͒͑=B 0 + BЈ 0 p͒ are presented against pressure in Fig. 7 43 . This change of the pressure dependence of bulk moduli for their clathrates also supports our model proposed for the mechanism of the isostructural phase transition generally observed in type-I silicon clathrates.
IV. SUMMARY
High-pressure Raman and XRD measurements of the defect clathrate Ba 8 Ge 43 ᮀ 3 were carried out at room temperature of up to 40 GPa. Raman studies revealed that ͑1͒ three vibrational peaks due to the motion of Ba atoms exist at 39, 46, and 68 cm −1 , ͑2͒ structureless spectrum of Ba 8 Ge 43 , due to the Ge vacancies, in the framework vibrational region, which is similar to that of Ba 8 Si 46 at pressures above the isostructural phase transition ͑=15 GPa͒, ͑3͒ the phase transition at 8 GPa due to the structural distortion and to the change in guest-host electronic interaction, ͑4͒ the irreversible amorphization around 30-40 GPa. XRD studies showed that the lattice constant of Ba 8 Ge 43 decreases continuously with pressure up to 40 GPa where the irreversible amorphization occurs completely. There exists no isostructural phase transition associated with the large volume reduction up to 40 GPa, in contrast to some cases in type-I Si clathrates.
We propose the possible mechanism for the isostructural phase transition observed for Ba 8 
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